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THE CEREBELLUM IS KNOWN TO play a significant role in the coordinated control of complex movements. Based on anatomical studies, it is divided into three sagittal cortical zones associated with their corresponding main nuclei: the fastigial, interposed and dentate nuclei (Jansen and Brodal 1940 ; see a review by Voogd et al. 2013) . To understand the functional roles of these three zones, Chambers and Sprague (1955) , and later Thach (as reviewed in Thach et al. 1992) , performed lesion experiments and found that, among the three zones, the vermis and its underlying fastigial nucleus (FN) were concerned with maintaining posture and walking with its associated body and neck movements.
To further understand the neural circuitry of the fastigial control of complex movements, afferent and efferent projections of the FN have been extensively studied using the silver impregnation method (Carpenter and Nova 1960; Walberg et al. 1962a Walberg et al. , 1962b , the horseradish peroxidase labeling method (cat, Fukushima et al. 1977; Matsushita and Hosoya 1978) , the autoradiographic method (cat, Moolenaar and Rucker 1976; monkey, Asanuma et al. 1983; Batton et al. 1977) , and the phaseolus vulgaris leucoagglutinin anterograde labeling method (Homma et al. 1995) . The cerebellar FN is the main source of cerebellar efferents to the lower brain stem (Thomas et al. 1956 ). It has been generally accepted in degeneration studies that fibers of the hooked bundle of Russell arise predominantly from the caudal FN and cross within the cerebellum, whereas uncrossed fastigial efferent fibers arise predominantly from the rostral FN and emerge from the cerebellum via the juxtarestiform body (Angaut and Bowsher 1970; Carpenter et al. 1958; Cohen et al. 1958; Jansen and Jansen 1955; Rasmussen 1933; Voogd 1964; Walberg et al. 1962a Walberg et al. , 1962b . On the other hand, the selective labeling of either rostral or caudal cells in the FN with autoradiographic methods revealed that some cells at all rostrocaudal levels of the FN must give rise to crossed and uncrossed fibers into the brain stem, but fastigioreticular fibers are almost entirely crossed and arise from all parts of the FN (Batton et al. 1977) . The densest projection is to the nucleus reticularis gigantocellularis (NRG) from the level of the abducens nucleus to the caudal olivary level of the medulla oblongata. The major terminal regions within the NRG are located rostrally and medially (Asanuma et al. 1983; Batton et al. 1977) , although the rostral FN and caudal FN project predominantly to the ventral and dorsal NRG, respectively (Homma et al. 1995) .
In addition to limb and body movements, the cerebellar control of eye movements was investigated in the posterior vermis (Keller et al. 1983; McElligott and Keller 1984; Ritchie 1976; Ron and Robinson 1973) and FN (Cogdell et al. 1977) . Later, microstimulation (Fujikado and Noda 1987; Noda and Fujikado 1987a ) and recordings of saccade-related Purkinje cell activity (Kase et al. 1980; Ohtsuka and Noda 1995) revealed that vermal lobule VII and its adjacent lobule VIc are concerned with eye movements. The destruction of Purkinje axons by focal injection of kainic acid (Noda and Fujikado 1987b) and injection of bicuculline (Sato and Noda 1992) into the FN suppressed saccades evoked by vermal microstimulation. These findings suggested that the caudal FN relayed impulses from vermal lobules VI and VII to the brain stem oculomotor circuitry. Consistent with this suggestion, neurons in the caudal FN discharge during saccades (Fuchs et al. 1993; Gruart and Delgado-Garcia 1994; Helmchen et al. 1994; Hepp et al. 1982; Ohtsuka and Noda 1991) . In addition, some neurons in the caudal FN respond during smooth-pursuit eye movements (Büttner et al. 1991; Fuchs et al. 1994) . Therefore, the caudal FN is considered to be concerned with eye movements. However, other studies showed that inactivation of the caudal FN produced dysmetria of not only eye movements, but also head movements, showing that the caudal FN is also involved in head movements in the cat (Goffart and Pélisson 1998; ) and monkey (Quinet and Goffart 2007) .
As mentioned above, the general pattern of termination of fastigial fibers in the brain stem appeared to be fairly well understood, but the exact projections from the caudal FN, especially the fastigial oculomotor area, were unclear. Noda and colleagues analyzed afferent and efferent projections of the vermal oculomotor region in the brain stem of the monkey (Yamada and Noda 1987) . Subsequent anatomical studies on the caudal FN have shown that axons of neurons in the caudal one-third of the FN terminate in areas where saccade-related premotor burst neurons are located [the excitatory burst neuron (EBN) area in the rostral interstitial nucleus of medial longitudinal fasciculus and the paramedian pontine reticular formation (PPRF) (Cohen and Henn 1972; Igusa et al. 1980; Keller 1974; Luschei and Fuchs 1972) , and the inhibitory burst neuron (IBN) area in the paramedian pontomedullary reticular formation (Hikosaka and Kawakami 1977; Yoshida et al. 1982) ], and among them, the most extensive projection is to the contralateral NRG where IBNs are located in the monkey (Noda et al. 1990; Sugita and Noda 1991) . They suggest that at least a part of the labeling found in the medullary reticular formation immediately caudal to the abducens nucleus may correspond to the so-called IBN area. Based primarily on these anatomical findings, it is generally considered that fastigioreticular neurons in the caudal FN terminate on contralateral IBNs via the hook bundle (e.g., Fuchs et al. 1993; Goffart et al. 2004; Kojima et al. 2008; Ohtsuka and Noda 1995; Scudder and McGee 2003) . However, no experimental data are available to confirm that caudal fastigioreticular neurons terminate on IBNs. With these anatomical methods, the exact target neurons of these efferent fibers arising from the caudal FN could not be identified as EBNs and IBNs, because the nucleus reticularis pontis caudalis (NRPc) and NRG also contain reticulospinal neurons (RSNs) that innervate neck motoneurons Isa and Sasaki 2002; Kakei et al. 1994; Peterson et al. 1978; Shinoda et al. 2006) .
Although anatomical data show that axon terminals of caudal fastigial neurons are distributed in the NRPc and NRG, they could not determine whether these terminals actually terminate on EBNs and IBNs or RSNs. However, using intracellular recordings of postsynaptic potentials (PSPs), we could identify target neurons of caudal fastigial axons electrophysiologically by their antidromic responses to stimulation of their destinations or morphologically by intracellular labeling of target neurons with horseradish peroxidase. In spite of many anatomical studies on fastigioreticular projections, there have been far fewer intracellular recording studies on synaptic inputs to their target neurons in the brain stem. Reticular neurons (Ito et al. 1970 ) and vestibular nucleus neurons (Furuya et al. 1976 ) have been identified as targets of fastigioreticular neurons. Ito et al. (1970) analyzed the effects of systematic electrical stimulation of the cerebellar nuclei on reticular neurons in the medulla oblongata of the cat. Stimulation of the FN on either side produced monosynaptic excitation of medullary reticular neurons, most of which were RSNs that projected to the spinal cord. However, their stimulation sites in the cerebellar nucleus were located in the rostral FN, where both output neurons in the rostral FN and axons from the caudal FN can be activated. In addition, reticular neurons were recorded rather caudally at the level of the inferior olive where IBNs are not located (Sugiuchi et al. 2005) . Therefore, the target neurons of the caudal FN remain unknown with respect to brain stem oculomotor and head movement systems.
The purpose of the present experiments was to investigate major targets in the lower brain stem of fastigioreticular neurons in the caudal FN using intracellular recording techniques. More specifically, to understand the neural mechanisms of the caudal FN in the cerebellar control of head movements, we tried to determine the major targets of the caudal FN efferent neurons in the portions of the caudal NRPc where EBNs lie, and the rostral NRG where IBNs are found. Since the superior colliculus (SC) is well known to be involved in the control of eye and head movements, we further examined how reticular neurons in the NRG and NRPc that receive tectal inputs are influenced by the caudal FN.
METHODS
Experiments were performed in 12 cats weighing 2.5-4.0 kg. Anatomical data were collected from three other cats used for a previous report by Takahashi et al. (2010) . Animal experimentation was conducted in accordance with the "Policies on the Use of Animals and Humans in Neuroscience Research" approved by the Society for Neuroscience in 1995, and the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" (The Physiological Society of Japan, revised in 2001). The experimental protocol was approved by the Animal Care Committee of Tokyo Medical and Dental University. The animals were initially anesthetized with ketamine hydrochloride (Ketalar, Parke-Davis; 25 mg/kg im) followed by ␣-chloralose (40 -45 mg/kg iv, initial dose, supplemented with additional doses of 10 -25 mg/kg iv, throughout the remainder of the experiment). The heart rate was continuously monitored by an ECG. The body temperature was maintained between 38 and 39°C by means of a heating pad. After setting stimulating electrodes in the brain stem and FN, the animals were paralyzed by the intravenous administration of pancuronium bromide (Mioblock, Organon), and artificially ventilated with end-tidal CO 2 held at 35-40 mmHg, and then intracellular recording was performed.
The bone over the cerebellar vermis including lobule VII was removed so that the stimulating electrodes could be introduced bilaterally into the caudal FNs. For stimulation of or injection of a tracer into the caudal FN, we mapped effective stimulation sites for evoking eye movements at 200-m intervals, while recording characteristic discharge patterns in cerebellar molecular, Purkinje cell and granular cortical layers, white matter and the caudal FN (Eccles et al. 1967) . The intensity of electrical stimuli (0.2 ms duration, 2.5 ms interval, 30 pulses-train) was kept between 10 and 100 A. If no eye movements were evoked with this current, the electrode was advanced to the next test site at 200-m intervals. When eye movements were evoked, we lowered the stimulus intensity at 10-A steps and determined the lowest intensity to evoke eye movements at each stimulation site. For stimulation of the caudal FN, separate stimulating electrode arrays were inclined 30 -35°posteriorly from the stereotaxic vertical in the parasagittal plane, and placed in the right and left FNs. The stimulating electrode arrays consisted of three monopolar electrodes (diameter, 100 m), insulated except at the tip, that were glued together around a central pillar, so that the tips of the three electrodes were arranged dorsoventrally at 1.0-mm intervals (Sugiuchi et al. 2005 , Takahashi et al. 2005a to cover the caudal part of the FN, which protrudes dorsocaudally in the cat. Stimulus currents were delivered between two adjacent tips, and the pillar was grounded to reduce stimulus artifacts. Negative pulses of 0.2-ms duration were delivered at 500 A or less for stimulation of the SC and the FN. The parietal and occipital cortex over the SC was removed bilaterally by aspiration to allow the bilateral introduction of stimulating electrodes into the SCs. In nine cats, three concentric bipolar stimulating electrodes (inner and outer diameter, 0.1 and 0.3 mm, respectively; interelectrode distance along the longitudinal axis, 1.0 mm) with a 1.2-1.4 mm rostrocaudal separation were placed along the presumed horizontal meridian of the motor map in the SC on both sides under direct visual observation by referring to the motor map of the cat SC (McIlwain 1986) , and positioned in the intermediate or deep layer (1.5-2.0 mm from the surface) of the SC (for details, see Takahashi et al. 2005a Takahashi et al. , 2007 . Ranck (1975) estimated an effective current spread of 1.0 -1.5 mm around an electrode tip by monopolar stimulation at 500 A (200-s-duration pulse) in the mammalian central nervous system. However, since we used bipolar stimulation, the effective current spread should be much less than the values estimated by Ranck (1975) (Shinoda et al. 1977) . Sasaki et al. (1970 Sasaki et al. ( , 1972 estimated that 500 A could not activate fibers or cells beyond 1.0 mm from an electrode tip with the use of a concentric bipolar electrode of the same type as in the present study. At the end of each experiment, some electrolytic lesions (30 A of cathodal current for 30 s) were made to mark electrode tips, and stimulation sites were reconstructed with reference to these lesion sites histologically, using celloidin-embedded serial sections of the cerebellum and brain stem stained with thionine.
The ventral part of the posterior vermis overlying the fourth ventricle was partially removed by aspiration to facilitate the placement of recording glass microelectrodes in the NRG and NRPc on the left side (see Fig. 2B ). The recording microelectrodes were inclined about 60°posteriorly from the stereotaxic vertical in the parasagittal plane. For intracellular recordings from reticular neurons, glass microelectrodes filled with 0.4 M KCl or 2 M K-citrate and a resistance of 15-25 M⍀ were introduced into the brain stem on the left side. Our laboratory first identified the location of the abducens nucleus by recording the type II responses of abducens motoneurons to rotation of the turntable in the horizontal plane (Maeda et al. 1971; Shinoda and Yoshida 1974) , and by recording characteristic negative antidromic field potentials that were evoked by stimulation of the left abducens nerve (Baker and Highstein 1975) . Relative to this location of the abducens nucleus, reticular neurons were searched for the region rostral (NRPc) and caudal (NRG) to the abducens nucleus on the left side.
To investigate the projection areas of the caudal FN and the SC in the brain stem, a 12.5% solution of dextran-biotin (DB; Invitrogen) was injected into the caudal FN in three cats, and the SC in three cats. A glass microelectrode attached to a microsyringe was inserted into a target, and Ͻ1.0 l of solution was injected slowly for 20 -30 min. After a survival period of 7-10 days, animals were deeply anesthetized with ketamine hydrochloride (25 mg/kg im), followed by pentobarbital sodium (50 mg/kg iv), and perfused with 2 liters of 0.9% NaCl in phosphate buffer (0.1 M, pH 7.4) followed by 2 liters of a fixative solution containing 4% paraformaldehyde and 0.05% glutaraldehyde with 0.2% picric acid. Frozen serial sagittal or frontal sections, 70 m thick, were cut on a freezing microtome, and processed to show the injected tracer by use of avidin conjugated horseradish peroxidase procedures and visualized with diaminobenzidine as a chromogen (Adams 1981; Takahashi et al. 2010) .
RESULTS

Distributions of axon terminals of caudal FN neurons and tectoreticular neurons.
To determine the exact location of axon terminals of caudal FN neurons in the brain stem before intracellular recordings, we injected an anterograde tracer, DB, into the caudal FN and observed the distribution of labeled axon terminals and fibers in the NRPc and NRG. An injection site in the caudal FN was determined by mapping sites at which stimulation effectively evoked eye movements in three cats. A stimulating electrode was inclined 30°caudally from the stereotaxic vertical and advanced at 200-m intervals. As it passed through the overlying cerebellar cortex (lobule VII), the electrode entered the white matter between the overlying lobule VII and the dorsal border of the caudal FN. Stimulation of this area evoked ipsilateral small eye movements; in the dorsal area within the FN, induced eye movements were still ipsilateral (Noda et al. 1988; Quinet and Goffart 2009 ). As the electrode was advanced further, the direction of the induced eye movements was reversed to the contralateral side with a decrease in the threshold. Within the FN, background activity was high, with high-frequency spontaneous negative spikes. DB was injected into this area of the caudal FN (Fig. 1A) . Figure 1B shows the distribution of labeled axon terminals in the two levels of the brain stem: the NRPc (a) just rostral to the abducens nucleus, and the NRG (b) just caudal to the abducens nucleus. Labeled terminals were distributed mainly in the contralateral paramedian reticular formation in the caudal part of the NRPc (Fig. 1Ba ) and in the rostral part of the NRG (Fig.  1Bb) .
To compare the brain stem distributions of axon terminals of neurons in the caudal FN and the SC, DB was injected into the right SC (Fig. 1C) . Figure 1D shows the distribution of axon terminals of labeled neurons after the injection of DB into the right SC. Most axon terminals were distributed in the contralateral PPRF, just rostral to the abducens nucleus (Fig. 1Da) , and in the contralateral paramedian pontomedullary reticular formation, caudal to the abducens nucleus (Fig. 1Db) . Terminal distribution areas of the tectoreticular and fastigioreticular fibers extensively overlapped each other in the NRG. The fastigial projection to the NRPc was much less abundant than that to the NRG. We previously determined the distributions of premotor neurons terminating on abducens motoneurons by using a transneuronal labeling method: the ipsilateral premotor neurons were located 0.5-1.5 mm rostral to the abducens nucleus and 1.0 -2.9 mm from the midline, and the contralateral premotor neurons were located from the caudal abducens nucleus to 1.3 mm more caudally and 0.8 -1.5 mm lateral to the midline (Sugiuchi et al. 2005) . These anatomically-delineated premotor regions were compatible with the locations of EBNs (Igusa et al. 1980) and IBNs determined electrophysiologically in the cat (Hikosaka and Kawakami 1977; Yoshida et al. 1982 ). The present locations of caudal fastigial and tectal axon terminals in the NRPc and NRG well-covered these EBN and IBN areas, respectively. In the following intracellular recordings, we recorded reticular neurons in these anatomically delineated EBN and IBN areas. According to Brodal (1956) , the NRG in the cat occupies approximately the medial twothirds of the reticular formation lying dorsal to the rostral half of the inferior olive and extending cranially to the level of the facial nucleus. Rostral to and not sharply delimited from this nucleus is the NRPc. Therefore, the IBN area corresponds to the most rostral portion of the NRG, and the EBN area to the most caudal portion of the NRPc.
Synaptic inputs from the caudal FN and the SC to neurons in the NRG and NRPc. To determine the exact brain stem target neurons of fastigioreticular axons arising from the caudal FN, we recorded intracellular potentials from reticular neurons in the rostral NRG and caudal NRPc just caudal and rostral to the abducens nucleus, respectively, and searched for reticular neurons that received synaptic inputs from the caudal FNs. At the same time, we examined whether the same reticular neurons with fastigial input received inputs from both SCs. All lateralities in the present study are described with reference to the recording site, if not stated otherwise. Figure 2 shows a typical example of synaptic inputs from the caudal FNs (Fig. 2F ) and the SCs (Fig. 2G ) to a neuron in the NRG. At the beginning of each experiment, we mapped antidromic field potentials evoked by stimulation of the left abducens nerve and determined the approximate center location of the left abducens nucleus (Fig. 2D) . Reticular neurons were penetrated with reference to this location, and the locations of recording sites of reticular neurons were reconstructed histologically, using a guide glass electrode that was left in the brain stem as a landmark. This reticular neuron was located about 1 mm caudal to the abducens nucleus and was not activated antidromically from the left abducens nerve (Fig. 2E ). Once a neuron was penetrated, we systematically examined PSPs evoked by stimulation of the three ventrodorsal sites in the caudal FN and three rostrocaudal sites in the SC in every neuron. In this neuron, stimulation of the three ventrodorsal sites in the contralateral caudal FN (sites 2-4 in Fig. 2 , A and C) evoked spikes in all traces at a low stimulus intensity (50 A) (Fig. 2F, 2-4 ). These spikes had fluctuating latencies and were preceded by depolarizing potentials, indicating that these spikes were evoked orthodromically from the caudal FN. Stimulation of the ipsilateral caudal FN (sites 5-7 in Fig. 2 , B and C) also evoked depolarizations with occasional spikes at low stimulus intensities (100 A) in the same reticular neuron (Fig. 2F , 5-7). Subsequently, we examined the effects of stimulation of the SC on PSPs evoked in the same reticular neuron. Stimulation of the rostrocaudal sites in the contralateral SC evoked depolarizations with spikes (Fig. 2G, (8) (9) (10) , and stimulation of the ipsilateral SC also evoked depolarizations with spikes at longer latencies (Fig. 2G, (11) (12) (13) . In this way, we examined the properties of PSPs evoked by stimulation at different sites in the bilateral caudal FNs and bilateral SCs in each reticular neuron. First, we will describe the characteristic features of synaptic input from the bilateral caudal FNs, and then from the bilateral SCs to neurons in the NRG. Next, we will describe the features of synaptic inputs from the caudal FNs and SCs to neurons in the NRPc.
Properties of synaptic input from the caudal FN to reticular neurons in the NRG. In the NRG neuron shown in the example in Fig. 2 , stimulation of the three ventrodorsal sites in the contralateral caudal FN evoked depolarizing potentials with fluctuating spikes in all traces at a low stimulus intensity (50 A) (Fig. 2F, 2-4 ). The latencies of the preceding depolarizations and evoked spikes became slightly shorter as the stimulation sites were moved ventrally and rostrally ( Fig. 2F, 2 ). Since the depolarizations had the shortest latencies with the most ventral stimulating electrode (site 2) that was closer to the rostral FN, the responses might be caused by stimulation of the rostral FN due to current spread. However, depolarizations and spikes were also evoked from the more caudal and dorsal stimulation sites (sites 3 and 4) at low stimulus intensities. The histological identification of the stimulation sites indicated that the three electrodes were well located in the center of the caudal FN mediolaterally and rostrocaudally. Based on this histological finding and the extremely low stimulus intensity that was required to evoke depolarizations, it was safe to conclude that large depolarizations were caused by the activation of neurons in the caudal FN, and not due to current spread to the rostral FN (see the estimation of current spread with the present electrodes and stimulus intensities in the METHODS). Stimulation of the ipsilateral caudal FN also evoked depolarizations with occasional spikes at low stimulus intensities (100 A) in the same neuron (Fig. 2F , 5-7). Histological examination showed that the three stimulation sites (sites 5-7) were well within the caudal FN (Fig. 2B ). The anatomical data in Fig. 1 indicated that the projection from the caudal FN to the ipsilateral rostral NRG was extremely sparse. Therefore, it was necessary to exclude the possibility of current spread to the contralateral caudal FN, and to confirm that ipsilateral FN stimulation actually evoked depolarizations in the reticular neuron rather than due to the current spread. Mediolaterally, the fastigial stimulating electrodes in this example were 1.4 mm to the left and 1.5 mm to the right of the midline, respectively. Since the medial border of the caudal FN was 0.5 mm to the right and 0.6 mm to the left of the midline, respectively, the distances from the left and right stimulating electrodes to the medial border of the FN on the opposite side were 1.9 and 2.1 mm, respectively. Based on the long distance (1.9 mm) and low stimulus intensities (100 A), it was highly unlikely that the current spread from the stimulating electrodes in the left caudal FN to the right caudal FN caused the depolarizations in the neuron shown in Fig. 2F . However, it is possible that axons crossing from the contralateral FN were activated by the ipsilateral stimulating electrodes, as will be considered further in the DISCUSSION. The effects of an increase in stimulus intensity on the evoked depolarizations were examined by stimulating an identical site in the caudal FN ( Fig. 3A ) with increasing stimulus intensities (Fig. 3B) . The threshold for evoking depolarizing potentials was less than 50 A, and their onset latencies were 1.2 ms. As . IC, inferior colliculus; PN, pontine nucleus; Nucl, nucleus; VI, VII A , and VII B : lobules VI, VII A , and VII B . In this diagram and similar diagrams in the following figures, a recording site of a reticular neuron is indicated by an open cell that was penetrated with a microelectrode on the left side, and the locations of stimulating electrodes were checked on the surface of the bilateral SCs based on the photographs taken after each experiment. D: antidromic field potentials in the Lt VI evoked at 100 A by stimulation of the Lt VIn. Note the typical negative field potentials of antidromic spikes in the VI. E: no intracellular response or negative field potentials evoked by antidromic activation of the Lt VIn (site 1). This reticular neuron was recorded 1.2 mm caudal to the VI (D) and was not activated from the ipsilateral VIn at 200 A. F: properties of postsynaptic potentials (PSPs) evoked by stimulation of the contralateral FN at 50 A (2-4) and the ipsilateral FN at 100 A (5-7) in the same reticular neuron as in E. Large depolarizing potentials with spikes were evoked from the stimulation sites in the bilateral FNs. The number attached to each panel (2-7) corresponds to the stimulation site in the bilateral FNs (sites 2-7). In each panel, top and bottom traces are intracellular potentials and juxtacellular field potentials recorded just outside the penetrated cell, respectively. The same arrangements for stimulating electrodes and their response traces are used in the following figures, if not stated otherwise. G: properties of PSPs evoked by stimulation of the contralateral (sites 8 -10) and ipsilateral SC (sites 11-13) at 300 A in the same reticular neuron as in F. Large depolarizations with spikes were evoked from the contralateral SC (8 -10) and the ipsilateral SC (11-13).
the stimulus intensities increased, the latencies of the depolarizations decreased by 0.1-0.3 ms, and their amplitudes gradually increased and were almost saturated at 400 A. The maximal amplitudes of the evoked depolarizations were 7-8 mV. These depolarizations were monophasic with a summit time of 1.0 -1.7 ms and decayed monotonically to the baseline resting potentials. This feature of the evoked depolarizations from the caudal FN is consistent with the excitatory PSPs (EPSPs) recorded in medullary reticular neurons during stimulation of the rostral FN (Ito et al. 1970) .
Identification of the synaptic nature of fastigioreticular inputs to NRG neurons. To determine whether the depolarizations evoked by stimulation of the caudal FN were EPSPs or disinhibition that could be attributed to a decrease in inhibitory PSPs (IPSPs), we injected Cl Ϫ into cells by passing a hyperpolarizing current through a recording glass microelectrode (Fig. 3, C-I ). In most of the penetrated cells, no hyperpolarizing potentials were evoked by stimulation of the SC and the FN. However, stimulation of the contralateral abducens nucleus occasionally evoked large hyperpolarizations or small depolarizations followed by large hyperpolarizations, as shown in Fig. 3C , 14. These potentials were not evoked at low stimulus intensities, but rather at intensities as high as 400 -500 A. Although the origin of these hyperpolarizations is unknown, these hyperpolarizing potentials could be a useful indicator of whether or not enough Cl Ϫ was injected into the cell by the passage of hyperpolarizing current. After the intracellular injection of Cl Ϫ , early depolarizations were not changed, but later hyperpolarizations were reversed to depolarizing potentials (Fig. 3D, 14) . The difference between the evoked potentials before and after Cl Ϫ injection (Fig. 3E ) indicated that the reversed component was produced by IPSPs (Eccles 1964) . After the IPSPs were reversed to depolarizing potentials with Cl Ϫ injection, the configurations of depolarizing potentials evoked by either the contralateral FN (Fig. 3F , 2-4) or ipsilateral FN (Fig. 3F , 5-7) did not change (Fig. 3G , 2-4, and Fig. 3G , 5-7, respectively). Therefore, these FNevoked depolarizations were considered to be EPSPs (Eccles 1964) . Similarly, the configurations of depolarizing potentials evoked by stimulation of the contralateral (Fig. 3H, 10) and Fig. 2C ) at 400 A before (C) and after the injection of Cl Ϫ (F) into the penetrated cell. Note that the late hyperpolarizing PSPs were reversed to depolarizing PSPs, indicating that they were inhibitory PSPs (IPSPs). E: reversed IPSPs after Cl Ϫ injection into the cell. The averaged PSPs in C were subtracted from those in D. Arrow indicates the onset of stimulus. F and G: PSPs evoked by stimulation of the contralateral (2-4) and ipsilateral cFN (5-7) before (F) and after injection of Cl Ϫ (G). H and I: PSPs evoked by stimulation of the contralateral (10) and ipsilateral SC (11) before (H) and after Cl Ϫ injection (I). Note that, after the late hyperpolarizing IPSPs were reversed to depolarizing IPSPs in D, PSPs evoked by stimulation of the bilateral FNs and SCs did not change their configurations.
ipsilateral SC (Fig. 3H, 11) before Cl Ϫ injection did not change after Cl Ϫ injection (Fig. 3I , 10, and Fig. 3I , 11, respectively), indicating that the essential component of these SC-evoked depolarizing potentials was EPSPs. Similar findings were confirmed in five reticular cells, where hyperpolarizations evoked by stimulation of the contralateral abducens nucleus were available.
Distribution of stimulation sites in and around the caudal FN for evoking EPSPs. To examine stimulation sites in the caudal FN that effectively evoked EPSPs in reticular neurons, we compared EPSPs evoked in reticular neurons by stimulation of the rostral (Fig. 4C), middle (Fig. 4D ) and caudal parts (Fig.  4E ) of the caudal FNs in three experiments. Figure 4A shows a reconstruction of the three stimulating electrode tracks in the contralateral caudal FN in the three different experiments. The photomicrograph shown in Fig. 4B shows a parasagittal section of the caudal FN which included the most effective position for the stimulating electrodes shown in Fig. 4D . Stimulation of the middle of the contralateral caudal FN evoked EPSPs from three sites (Fig. 4D , 2-4) with slight predominance for the most ventral site (site 2). In this case, the three stimulation sites were well located within the caudal FN. In contrast, in the other two cases (Fig. 4, C and E) , all of the three stimulating electrodes were not located within the FN, but some electrodes were located in the white matter just outside the caudal FN. In Fig.  4C , the largest EPSPs were evoked from the most ventral site (Fig. 4C, 2) where the stimulating electrode was located within the FN, but only smaller EPSPs were evoked from the other two more dorsal sites where the stimulating electrodes were located in the white matter just dorsal to the FN (Fig. 4C, 3 and  4) . In Fig. 4E , larger EPSPs were evoked from the most dorsal site (Fig. 4E, 4) where the electrode was located within the FN, and slightly smaller EPSPs were evoked from the more ventral sites (Fig. 4E, 2 and 3) where the stimulating electrodes were located in the white matter adjacent to the caudal border of the FN. A similar tendency was observed when the ipsilateral caudal FN was stimulated in the same three experiments (Fig.  4C, 5 -7, D, 5-7, and E, 5-7) . In the ipsilateral caudal FN, effective stimulation sites were also located within the caudal FN, which were similar to those in the contralateral FN, since the contra-and ipsilateral stimulating electrodes were fixed in parallel at the same rostrocaudal level and inserted into the bilateral FNs simultaneously on a single manipulator. The results obtained in these three experiments confirmed that the monosynaptic EPSPs were evoked in NRG neurons by stimulation of the caudal FN rather than the white matter surrounding the caudal FN.
Identification of target neurons of caudal fastigioreticular neurons in the rostral NRG. Next, we specifically searched for reticular neurons in the rostral NRG that received excitation from the caudal FN. However, the rostral NRG contains not only IBNs but also RSNs that innervate neck and limb motoneurons (Eccles et al. 1975; Isa and Sasaki 2002; Ito et al. 1970; Kakei et al. 1994; Matsuyama and Jankowska 2004; Peterson et al. 1978 Peterson et al. , 1979 . To examine whether NRG neurons with caudal fastigial input were IBNs or RSNs, a bipolar stimulating electrode was placed in the contralateral abducens nucleus for the antidromic identification of IBNs (Sugiuchi et al. 2005; Takahashi et al. 2005a) , and two stimulating electrodes were placed in the ventral funiculus at the second cervical segment (C2) of the spinal cord on the same side as the recording site (n ϭ 6). Figure 5 shows an example of a reticular neuron in an identification experiment. This neuron was penetrated in the NRG just caudal to the left abducens nucleus and received excitation from both the contralateral (Fig. 5D, 2-4 ) and ipsilateral caudal FN (Fig. 5D, 5-7 ). EPSPs were larger from the contralateral FN than from the ipsilateral FN and were larger from the ventral part (sites 2 and 5) than from more dorsal sites in the caudal FNs. This pattern of input from the bilateral FNs was typical of NRG neurons. This neuron was not activated antidromically from either the ipsilateral abducens nerve (Fig. 5C, 1) or the contralateral abducens nucleus (Fig.  5C, 14) , but was activated antidromically at 1.0 ms from the ipsilateral C2 (Fig. 5B) . Therefore, this penetrated neuron was not an abducens motoneuron or a premotor IBN, but instead was regarded as an RSN that projected ipsilaterally to C2. Among the 27 neurons examined, 25 NRG neurons were regarded as RSNs, since they were activated antidromically from C2 and their latencies were 0.8 -1.3 ms (mean Ϯ SD ϭ 1.1 Ϯ 0.2 ms). The NRG neurons that we identified as receiving excitation from the caudal FN were not IBNs, because none of them were activated antidromically from the contralateral abducens nucleus.
The latencies of EPSPs evoked by stimulation of the contralateral FN ranged from 0.8 to 1.9 ms (1.1 Ϯ 0.2 ms, n ϭ 38), most of which were less than 1.4 ms (Fig. 5F ). As will be shown in Fig. 7 , the latencies of antidromic spikes in caudal FN neurons evoked by stimulation of the contralateral IBN area were 0.7-1.0 ms. Therefore, virtually all of these contralateral FN-evoked EPSPs in RSNs in the rostral NRG were considered to be monosynaptic. The range of latencies of the ipsilateral FN-evoked EPSPs was 0.8 -2.1 ms (1.1 Ϯ 0.3 ms, n ϭ 38) (Fig. 5G) . These latencies were on average comparable to those of the contralateral FN-evoked EPSPs, but the latencies of the ipsilateral EPSPs tended to be slightly shorter than the contralaterally-evoked EPSPs in each individual NRG neuron.
Properties of synaptic input from the SCs to NRG neurons. In the NRG neurons described so far (Figs. 2, 3 and 5), excitation was evoked by stimulation of the bilateral SCs. As shown in the example in Fig. 2G , stimulation of the contralateral SC evoked depolarizations with rather fixed-latency spikes at 300 A (Fig. 2G, 8-10 ), whereas stimulation of the ipsilateral SC evoked slowly-rising depolarizations with spikes at fluctuating latencies at 300 A (Fig. 2G, 11-13 ). This pattern of input from both SCs was characteristic of NRG neurons; NRG neurons received synaptic inputs from both SCs, and the contralateral input was stronger with a shorter latency. These depolarizing potentials were considered to be EPSPs, since the intracellular injection of Cl Ϫ into the penetrated cell did not reverse the depolarizing potentials to hyperpolarizing poten- Previous studies showed that RSNs in the NRG received excitatory input from the SC, but no studies have investigated the topographic input patterns from different parts of the bilateral SCs to single RSNs innervating neck muscles. This information is important for understanding the function of the tecto-reticulospinal system in the control of head movements, since it is well known that there is a motor map for eye and head movements in the SC (Freedman and Sparks 1996; Paré et al. 1994; . To examine the topographic input patterns from the rostrocaudal sites in the SCs, we placed three stimulating electrodes rostrocaudally along the horizontal meridian of the motor map in each SC and compared the amplitudes and latencies of EPSPs evoked from individual stimulation sites in each NRG neuron. As shown before, Fig.  5D showed a typical example of an RSN that received inputs from the caudal FNs. The same RSN also received excitation from the bilateral SCs, but the pattern of input from the contralateral SC was very different from that from the ipsilateral SC (Fig. 5E ). Contralateral input was not evoked from the most rostral site, and was strongest caudally (site 10), whereas ipsilateral inputs were almost evenly evoked from the rostral and caudal sites in the SC (sites 11-13), with a slight rostral predominance. As in this example, the patterns of synaptic input from the ipsilateral and contralateral SC appeared to be different in each RSN. A detailed analysis of the ipsilateral synaptic potentials revealed a notch in the rising phase of the EPSPs (arrow in Fig. 5E, 13) , indicating that there are two components of EPSPs with different latencies in this RSN. Figure 6 , D and E, shows latency histograms of EPSPs evoked in NRG neurons by stimulation of the contralateral (Fig. 6D ) and ipsilateral SC (Fig. 6E) . The latencies of contra-SC-evoked EPSPs ranged from 0.7 to 1.7 ms (1.2 Ϯ 0.3 ms, n ϭ 38). Since the shortest excitation from the SC to abducens motoneurons (1.5-2.5 ms) was regarded as disynaptic via EBNs in the PPRF (Izawa et al. 1999) , EPSPs with latencies shorter than 1.5 ms were most likely monosynaptic in most NRG neurons. In contrast, the latency of the excitation from the ipsilateral SC was usually longer than that from the contralateral SC. The latencies of ipsi-SC-evoked EPSPs were distributed into two groups: one ranging from 1.1 to 1.6 ms (n ϭ 21) and the other ranging from 1.8 to 2.6 ms (n ϭ 17) (1.7 Ϯ 0.4 ms, n ϭ 38) (Fig. 6E) . Therefore, the early group consisted of monosynaptic EPSPs, and the late group was considered to be disynaptic.
Another example of SC input to an RSN is shown in Fig. 6 . This RSN received stronger excitation from three ventrodorsal sites in the contralateral FN (Fig. 6B, 2-4 ) and weaker exci- tation from the two ventral sites in the ipsilateral FN at 300 A (Fig. 6B, 5 and 6) . The same RSN received excitation from the three sites in the contralateral SC, and the excitation was larger from the more caudal SC at a latency of 0.8 ms (Fig. 6C, 10) . On the other hand, the ipsilateral excitation was largest from the most rostral SC at a latency of 1.7 ms (Fig. 6C, 11) , and, during double-pulse stimulation of the same site, the EPSPs evoked from the second stimuli were much larger than those evoked from the first stimuli (Fig. 6C, 11 , dotted line in the middle traces). The presence of this temporal facilitation indicates that these EPSPs were evoked disynaptically from the ipsilateral SC. Since the projection from the contralateral SC to the NRG was extensive (Fig. 1Db) , monosynaptic excitation was considered to be directly conveyed by tectoreticular neurons (TRNs) via the predorsal bundle. However, the projection from the SC to the NRG on the same side was very weak (Fig.  1Db) . Therefore, we sought to determine which pathway conveyed the ipsilateral excitation to NRG neurons. The caudal FN has been shown to project to the NRG and the SC (Hirai et al. 1982; May and Hall 1986; May et al. 1990 ). If single neurons in the caudal FN project to both the SC and NRG on the opposite side with their axon collaterals, stimulation of the SC will cause monosynaptic excitation in ipsilateral NRG neurons by the axon reflex with single FN fibers.
To examine the above possibility, we recorded the activity of a caudal FN neuron and searched for spikes that were activated antidromically by stimulation of the contralateral rostral NRG (sites 9 and 10 in Fig. 7A ). Once the neuron was activated antidromically, we further examined whether the same neuron was activated from the contralateral caudal NRPc (sites 7 and 8) and the bilateral SCs (sites 1-6 ). Figure 7 , B-G, shows an example of a caudal FN neuron that projected to both the SC and the NRG. This neuron was activated antidromically from the rostral part of the contralateral SC at a latency of 1.2 Fig. 7 . Intracellular recordings from a Lt fastigial output neuron with axon branches that projected to the SC and the brain stem on the contralateral side (BS). A: schematic diagram of the experimental setup. Stimulating electrodes were placed rostrocaudally in the bilateral SCs (1-6), dorsoventrally in the EBN area (7, 8) in the caudal nucleus reticularis pontis caudalis (NRPc) and in the inhibitory burst neuron (IBN) area (9, 10) in the rostral NRG. B: stimulation of three rostrocaudal sites in the ipsilateral SC (1-3 in the Lt SC) and the contralateral SC (4 -6 in the Rt SC) and the contralateral EBN area in the caudal NRPc (7-8) and the contralateral IBN area in the NRG (9 -10) at 500 A. Note that this neuron was activated from site 4 in the Rt SC, and sites 9 and 10 in the Rt IBN area of the NRG. C and D: antidromic activation of the cFN neuron in an all-or-none manner at thresholds from the contralateral SC (C, site 4) and the contralateral IBN region (D, site 10) (a), and double-shock stimulation of the same sites to determine refractory periods of the cell (b and c). Antidromic spikes were evoked with double-pulse stimuli from site 4 at intervals of 0.8 ms (Cc), but not at intervals of 0.7 ms (Cb) for SC stimuli, and from site 10 at intervals of 0.6 ms (Dc), but not at intervals of 0.5 ms (Db). Refractory periods were considered to be 0.7 ms for site 4 and 0.5 ms for site 10. E and F: spike collision test between SC-evoked and NRG-evoked antidromic spikes. Stimuli for the contralateral NRG (site 10) were applied 1.4 ms (a) and 1.5 ms (b) after stimuli for the contralateral SC (site 4) (E), and 1.5 ms (a) and 1.6 ms (b) before stimuli for the contralateral SC (site 4) (F). G: schematic diagram of axonal conduction times for each part of the axon of this cFN neuron calculated using the above collision test values. The latencies of SC-evoked and NRG-evoked antidromic spikes were 1.2 ms and 0.9 ms, respectively. ms (Lt) (Fig. 7B, 4) and from the contralateral NRG at a latency of 0.9 ms (Lc) (Fig. 7B, 9 and 10) , but was not activated from the contralateral NRPc, even at 500 A (Fig.  7B, 7 and 8) . As in this example, caudal FN neurons that were activated antidromically from the NRG were not activated from the NRPc, except for one neuron, and the latencies of antidromic spikes evoked from the NRG ranged from 0.7 to 1.0 ms (0.8 Ϯ 0.2 ms, n ϭ 15).
When single FN neurons were activated from both the rostral NRG and the SC on the opposite side as in this example, we performed a spike collision test (Shinoda et al. 1976 (Shinoda et al. , 1977 to calculate the conduction times of spikes along axon collaterals of an FN neuron, as shown in Fig. 7G . Spikes followed double-pulse stimuli of the SC at an interval of 0.7 ms (Rt) (Fig. 7Cc) , and those of the NRG at an interval of 0.5 ms (Rc) (Fig. 7Dc) . When stimuli for the right NRG were applied 1.4 ms and 1.5 ms after stimuli for the right SC (Itc), spike collision did and did not occur, respectively (Fig. 7E) . When stimuli for the NRG were applied 1.5 ms and 1.6 ms before stimuli for the SC (Ict), spike collision did and did not occur, respectively (Fig. 7F ). Using these measured values, the conduction times of spikes along axon branches from the branching point of the stem axon to the SC (Xt) and the NRG (Xc) were calculated based on the following equations [see Shinoda et al. (1976) for derivation of the equations]:
Therefore, the conduction time of spikes from the SC to the NRG on the same side was 1.1 ms (ϭ Xt ϩ Xc) in this neuron. Similarly, this conduction time in eight caudal FN neurons ranged from 0.8 to 1.2 ms (1.0 Ϯ 0.1 ms). This finding suggests that the monosynaptic excitation evoked from the ipsilateral SC in reticular neurons in the NRG might be caused by the axon reflex of single FN neurons with axon collaterals to both the SC and the NRG.
As shown in the examples in Figs. 2G, 5E, and 6C, the general pattern of input from the SCs to NRG neurons was that 1) the inputs from the bilateral SCs were both excitatory, but not reciprocal; 2) the input from the contralateral SC was larger than that from the ipsilateral SC; 3) the contralateral input was larger from the more caudal SC; 4) the ipsilateral input was larger from the more rostral SC or was almost equal from the rostrocaudal sites in the SC; and 5) contra-SC-evoked EPSPs had monosynaptic latencies, but the ipsi-SC-evoked EPSPs had both monosynaptic and disynaptic latencies. However, another type of input pattern from the bilateral SCs was found in an RSN in the NRG in Fig. 8 . This RSN received excitation from the caudal FNs. The synaptic input from the ipsilateral SC was as usual; i.e., EPSPs were evoked from all rostrocaudal sites, but larger EPSPs were evoked from the more rostral sites (Fig.  8D, 11-13 ). Double-pulse stimulation of the same site (site 11) showed temporal facilitation in which the second stimuli evoked larger EPSPs than the first stimuli (Fig. 8D, 11 , the bottom traces). The synaptic input from the contralateral SC was different from the usual topographic pattern; EPSPs were evoked from all rostrocaudal sites, and larger EPSPs were evoked from more rostral site (Fig. 8D, 8) . Therefore, this RSN received excitation from throughout the rostrocaudal extent of the SCs with rostral dominance. This pattern of synaptic input from the SCs was found in three RSNs.
Comparison of fastigial and tectal inputs to NRPc and NRG neurons.
To compare synaptic inputs from the caudal FN to neurons in the caudal NRPc and the rostral NRG, we recorded intracellular potentials from reticular neurons in the NRPc just rostral to the abducens nucleus. Figure 9 shows such an NRPc neuron. Stimulation of the contralateral FN evoked very small EPSPs (Fig. 9B, 2) , and stimulation of the ipsilateral FN did not evoke any EPSPs in this NRPc neuron (Fig. 9B, 5-7) . Since stimulating electrodes were placed in the middle of each caudal FN, NRG neurons had much larger EPSPs from the caudal FN on either side in the same animal. Therefore, we excluded the possibility that this weak fastigial input was due to the illplaced stimulating electrodes in the caudal FN. Intracellular penetration into this cell was excellent, since stimulation of the contralateral SC evoked EPSPs with spikes at 500 A, and clear EPSPs from all three rostrocaudal electrodes even at 100 A, with the largest EPSPs from the caudal electrode (Fig.  9C) . However, short-latency synaptic inputs from the ipsilateral SC were not evoked in this NRPc neuron and only late small depolarizations were observed (Fig. 9C, 11-13 ). Figure  10 shows another pattern of synaptic input from the bilateral SCs to an NRPc neuron. In this neuron, stimulation of the caudal FNs did not evoke large EPSPs, but stimulation of the most ventral site in the contralateral FN evoked very small EPSPs (Fig. 10C, 2) . EPSPs with similar amplitudes were evoked from all the rostrocaudal sites in the ipsilateral SC (Fig.  10D, 11-13 ), but larger EPSPs with spikes were evoked from the more caudal site in the contralateral SC (Fig. 10D, 10) .
Out of 20 NRPc neurons examined, 18 neurons were antidromically activated from the ipsilateral cervical spinal cord (C2), and none of them was antidromically activated from the ipsilateral abducens nerve or the contralateral abducens nucleus. The effect of stimulation of the ipsilateral abducens nucleus was not examined in this study. Among the 20 NRPc neurons, 5 had very small EPSPs from the contralateral caudal FN, as shown in Fig. 9B, 2 . The other neurons did not show any short-latency EPSPs. Clear EPSPs could not be evoked in any of these NRPc neurons from the ipsilateral caudal FN. As to the tectal inputs in the NRPc neurons, large EPSPs were always evoked from the contralateral SC, and the amplitudes of the evoked EPSPs were largest and their latencies were shortest from the most caudal site (site 10), as exemplified in the two NRPc neurons. In contrast, the pattern of synaptic input from the ipsilateral SC was varied: one group of NRPc neurons had no traceable EPSPs, and the other group had EPSPs with nearly equivalent amplitudes from all rostrocaudal sites in the ipsilateral SC. The latencies of contra-SC-evoked EPSPs were 1.2-1.8 ms (1.6 Ϯ 0.2 ms, n ϭ 20), and those of ipsi-SC-evoked EPSPs were 1.4 -2.5 ms (1.7 Ϯ 0.3 ms, n ϭ 8).
DISCUSSION
The present study has characterized the patterns of synaptic inputs from the bilateral caudal FNs and SCs to cells in the rostral NRG and the caudal NRPc (Fig. 11A) . Neurons in the rostral NRG received monosynaptic excitation from both caudal FNs, with contralateral predominance. None of these NRG neurons with fastigial excitation were activated antidromically from the contralateral abducens nucleus, but virtually all of them were RSNs, since they were activated antidromically from the second cervical spinal cord. In contrast, neurons in the caudal NRPc received only very much weaker excitation from the contralateral caudal FN and no excitation from the ipsilateral caudal FN. Virtually all of them were RSNs. The same NRG and NRPc neurons received excitation from the bilateral SCs. NRG neurons received stronger monosynaptic excitation from the more caudal contralateral SC, and stronger disynaptic excitation from the more rostral ipsilateral SC. NRPc neurons received either monosynaptic excitation only from the contralateral caudal SC, or monosynaptic excitation from the contralateral SC and stronger disynaptic excitation from the more rostral ipsilateral SC. This difference in fastigial and tectal synaptic input patterns between NRG and NRPc neurons may reflect different functional roles of NRG and NRPc neurons in the control of head movements. We will first summarize the present results in relation to previous studies, and then discuss the presumed functional roles of RSNs in the NRG and NRPc that had different patterns of synaptic input from the bilateral caudal FNs and topographic input from the bilateral SCs in the control of head movements.
Properties of synaptic input from the caudal FN to NRG and NRPc neurons. Ito et al. (1970) recorded intracellular potentials while stimulating the rostral FN and showed large monosynaptic EPSPs in RSNs in the medullary reticular formation. The present intracellular recordings confirm their finding. Mori et al. (1998) activated fastigiobulbar fibers in the hook bundle and observed extracellular spike activity at the monosynaptic range in RSNs in the medullary NRG. Eccles et al. (1975) stimulated the FN and found increased spike activity at the monosynaptic range in pontine and medullary RSNs. In both experiments, the hook bundle or the rostral FN was stimulated. Since stimulation of the hook bundle and the rostral FN activates fibers arising from rostral and caudal fastigial neurons, none of these studies could determine whether caudal FN axons directly terminate on reticular neurons in the NRPc and NRG.
The present study identified different patterns of input in NRG and NRPc neurons following caudal FN stimulation. NRG neurons had monosynaptic excitation from the contralateral caudal FN, and smaller monosynaptic excitation with higher thresholds from the ipsilateral caudal FN. In contrast, NRPc neurons received little or no excitation from the contralateral FN, and no excitation from the ipsilateral FN. The present findings are consistent with the anatomical finding, because the caudal fastigial projection to the rostral NRG appears to be considerably stronger than that to the caudal NRPc (Homma et al. 1995; Noda et al. 1990 ). Ipsilateral The bottom traces in D, 11 are the EPSPs evoked by the first (dashed line) and the second stimuli (solid line) relative to the onset of the stimuli (arrow). The EPSPs evoked at 1.9 ms were facilitated, but the EPSPs at 1.2 ms were not. stimulation of the caudal FN was much less effective for evoking excitation in NRG and NRPc neurons than contralateral stimulation. This finding corresponds to the anatomical evidence that axon terminals of the FN in the NRG and NRPc were dense contralaterally and extremely sparse ipsilaterally (Homma et al. 1995) . Although we cannot exclude the possibility of an ipsilateral caudal FN projection to the NRG, fibers passing from the contralateral FN through the ipsilateral FN may be the most likely source of the activity observed in ipsilateral FN stimulation (Batton et al. 1977; Ito et al. 1970) . The shorter latency of ipsi-FN-evoked EPSPs vs. contra-FNevoked EPSPs supports this interpretation (Fig. 5G) . Nonetheless, we cannot rule out the possibility that some of the effects we observed were caused by the axon reflex of mossy fiber neurons other than primary vestibular neurons.
It has been well established that the NRPc and NRG are the origins of different types of reticulospinal tracts (Holstege and Kuypers 1982; Isa and Sasaki 2002; Ito et al. 1970; Peterson et al. 1974) . RSNs are functionally classified into two groups in the NRPc and NRG. RSNs in the NRPc receive stronger input from the SC than from the motor cortex, whereas RSNs in the NRG receive stronger input from the motor cortex than from the SC (Alstermark et al. 1985 (Alstermark et al. , 1992a (Alstermark et al. , 1992b ). The present finding indicates that NRG and NRPc neurons with differential fastigial inputs have different functional roles in the control of head movements. Grantyn and others have reported that single RSNs in the NRPc with axon collaterals to both the abducens nucleus and the cervical cord ) are involved in the control of synergistic eye and head movements during orienting movements . The caudal FN may control eye and head movements separately, since RSNs in the NRPc receive only little or no input from the caudal FN. In contrast, RSNs in the NRG receive stronger cerebral input than those in the NRPc, and lobule VII and the caudal FN are influenced by the cerebral input, suggesting that RSNs in the NRG are more involved in volitional head movements.
Head movements controlled by the caudal FN. Although the caudal FN is known to play an important role in the control of eye movements, the present results indicate that the caudal FN is also associated with head movements via a fastigio-reticulospinal pathway. There were few investigations of the caudal FN and head movements. Recently, Goffart and colleagues showed that injection of muscimol into the caudal FN caused ipsilateral deviation of the head in the cat and the monkey (Quinet and Goffart 2005) . In both species, gaze shifts are dysmetric after caudal FN inactivation, i.e., ipsilateral hypermetria and contralateral hypometria (Goffart et al. 1998, Goffart and Pélisson 1998). The gaze dysmetria (8 -10) , and at 100 A, rostral stimulation evoked small EPSPs (8, 9) , and caudal stimulation evoked large EPSPs with spikes (10). Double-pulse stimulation of the ipsilateral SC (sites 11-13) did not evoke visible short-latency EPSPs at 500 A. D: no antidromic spikes or antidromic field potentials were evoked from the ipsilateral VIn in this neuron.
is associated with changes in eye-head coupling that are vivid in the monkey, but not in the cat.
The synaptic connection between the caudal FN and RSNs found in the present study helps explain the head movement deficits observed after muscimol inactivation of the caudal FN. Since cerebellar nucleus neurons have high spontaneous activity (Thach 1967) , RSNs that receive strong excitatory influence from the caudal FN are active in an upright position at rest before movements (Eccles et al. 1975; Isa and Naito 1995) . When this excitatory influence is eliminated after inactivation, spontaneous activity of the RSNs and, in turn, the activity of neck motoneurons will decrease on the noninjected side, so that the neck muscle tonus on the same side decreases and the head deviates to the injected side. Although head movementrelated neurons have not been discovered yet in the FN, we speculate that, if such neurons fire in a manner similar to saccade-related FN neurons (Fuchs et al. 1993; Ohtsuka and Noda 1991) , these neurons will increase their activity at the end of ipsilateral head movements and at the beginning of contralateral head movements. Under these conditions, an increase in spike activity in RSNs on the side opposite to the injected side will not occur at the end of head movements ipsilateral to the injected side. Consequently, appropriate breaking force will not be generated by neck muscles on the noninjected contralateral side, and ipsilateral hypermetria of the head movement will result. This prediction is confirmed by observations in the cat , but not in the monkey (Quinet and Goffart 2007) . On the other hand, at the beginning of contralateral head movements, an increase in spike activity in RSNs on the side opposite to the injected side will not occur. Thus the turning force of the head toward the noninjected side will decrease, and contralateral hypometria of the head movement will result as shown in the cat and monkey Quinet and Goffart 2007) . Further information on the activity of caudal FN neurons during head movements will be needed to understand whether this interpretation is correct.
Neural pathways from the SCs to NRG and NRPc neurons. We characterized the patterns of input from the different rostrocaudal locations of the SC to NRPc and NRG neurons. Both NRPc and NRG neurons received strong monosynaptic excitation from the contralateral SC. Huerta and Harting (1982) showed anatomical evidence that tectofugal neurons terminate in the dorsal portion of the NRPc and, as the predorsal bundle passes caudally, distribute throughout the NRG. Grantyn and Grantyn (1982) showed that single tectofugal neurons have multiple axon collaterals in the brain stem on their way to the spinal cord. Most of the contralateral SCevoked EPSPs in the NRG neurons were monosynaptic (Fig.  6D) , whereas the ipsilateral SC-evoked EPSPs were monosynaptic and disynaptic (Fig. 6E) . However, since the present anatomical data showed that ipsilateral projection from the SC to the rostral NRG which contains IBNs (Fig. 1Db) and the caudal NRPc which contains EBNs (Fig. 1Da) was extremely sparse, the ipsilateral monosynaptic excitation of RSNs was not likely to be conveyed by direct tectoreticular axons. One of the possible sources for this monosynaptic excitation was the axon reflex activity within FN fibers projecting to both the SC and the NRG, since caudal fastigial neurons extensively project to the rostral SC (Hirai et al. 1982; May and Hall 1986; May et al. 1990 ). This possibility was confirmed by spike collision experiments (Fig. 7) in which the calculated values were in agreement with the latencies of the ipsi-SC-evoked excitation in NRG neurons. Other possible monosynaptic pathways from the ipsilateral SC to NRG and NRPc neurons remain undetermined.
Inactivation of the mesencephalic reticular formation produced severe deficits in head posture (Fukushima 1987; Hess 1956; Klier et al. 2001; Waitzman et al. 2000) . Consistent with these lesion experiments, TRNs from the rostral SC extensively terminate on Forel's field H (FFH) and interstitial nucleus of Cajal (INC) neurons on the same side which mediate saccade signals to vertical ocular motoneurons (Sugiuchi et al. 2013) . Similarly, they terminate on FFH and INC neurons that mediate head movement signals to the cervical cord (Isa and Naito 1994) . Some FFH neurons have axon collaterals in the caudal NRPc and rostral NRG (Isa and Sasaki 1992) . Therefore, it is most likely that the present disynaptic excitatory input from the ipsilateral SC is conveyed via FFH and INC neurons to RSNs in the NRG that terminate on neck motoneurons. This trisynaptic pathway from the SC to neck motoneurons parallels the disynaptic pathway from the SC via spinally-projecting FFH neurons to neck motoneurons (Alstermark et al. 1992a ). It may be functionally important that, in the pathways via RSNs in the NRG, the cerebral and tectal inputs to neck motoneurons can be modulated at RSNs in the NRG by control of the caudal FN.
Topographic and convergent patterns of input from the SCs to NRG and NRPc neurons. Topographic input patterns from different sites in the motor map of the SC and convergent input patterns from the SCs have not yet been systematically examined in single RSNs in the rostral NRG and the caudal NRPc, using intracellular recordings. Virtually all NRG neurons and some NRPc neurons receive bilateral excitatory inputs from the SCs, and some NRPc neurons receive only excitation from the contralateral SC. These patterns of input from the SCs to RSNs in the NRG and NRPc were very different from those observed in brain stem neurons in the saccade-generating system, since EBNs, IBNs and abducens motoneurons always receive excitation from the contralateral SC and inhibition from the ipsilateral SC (Izawa et al. 1999; Sugiuchi et al. 2005) . Another difference in the tectal input pattern lies in the strength of synaptic inputs from the rostral and caudal sites in the SCs. In EBNs, IBNs and abducens motoneurons, synaptic input is stronger from more caudal SCs, whereas in NRG and NRPc neurons, synaptic input is stronger from the rostral part in the ipsilateral SC and usually stronger from the caudal part in the contralateral SC.
The SC plays an important role in the control of orienting eye and head movements. According to a motor map for representing eye movements in the SC McIlwain 1986; ), large horizontal saccades are represented in the caudal SC, and large upward and downward saccades in the medial and lateral parts of the rostral SC, respectively. TRNs projecting to the FFH and INC are distributed in the rostral SC where vertical eye movements are represented as a vertical meridian (Sugiuchi et al. 2013; Takahashi et al. 2007 Takahashi et al. , 2010 Takahashi et al. , 2011 , whereas TRNs projecting to horizontal EBNs and IBNs are distributed throughout the entire rostrocaudal extent of the horizontal meridian (Takahashi et al. 2010) . When the head is free to move, microstimulation of the SC in cats Paré et al. 1994 ) and in primates (Freedman et al. 1996; Klier et al. 2001 ) evokes coordinated eye-head gaze shifts. Therefore, stimulation of a particular part of the SC may induce eye and head movements in the same plane, as stimulation of a particular semicircular canal nerve induces eye and head movements in the same plane as the stimulated semicircular canal (Suzuki and Cohen 1964) . The discharge of single neurons in the SC is better correlated with gaze than with either eye or head movements (Freedman and Sparks 1997; Munoz et al. 1991) , and the SC issues command signals related to coordinated eye-head gaze shifts in the cat (Guillaume and Pelisson 2006; Matsuo et al. 2004; Pelisson et al. 2001 ) and the monkey (Corneil et al. 2002; Freedman et al. 1996; Klier et al. 2001) . However, inactivation of the SC only occasionally resulted in slight increases in the reaction times of head movements associated with gaze shifts (Walton et al. 2008) . Based on these previous findings on the SC topography for gaze, it is likely that RSNs in the NRPc with predominant input from the more caudal SC and no ipsilateral input may be related to horizontal head movements, whereas RSNs in the NRG and some RSNs in the NRPc with predominant inputs from the bilateral more-rostral SCs may be related to vertical head movements. The innervation pattern of single RSNs by the bilateral SCs is very similar to that of single neck motoneurons in the vestibulocollic system. In the vestibulocollic system, motoneurons of all neck muscles examined receive excitation from the contralateral horizontal semicircular canal, whereas extensor and flexor neck muscle motoneurons receive excitation from the bilateral anterior and posterior semicircular canals, respectively (Shinoda et al. , 1997 Sugiuchi et al. 2004) . All NRG and NRPc RSNs with strong excitation from the contralateral caudal SC are considered to be related to horizontal head movements, because all dorsal neck muscles on one side contract together during voluntary horizontal head movements (Corneil et al. 2001) , as well as in the vestibulocollic reflex, and RSNs in the NRPc with axon collaterals to the abducens nucleus are associated with horizontal head movements . Similarly, NRG and NRPc RSNs with predominant input from the rostral SCs are considered to be involved in vertical head movements. This interpretation is in agreement with the following findings. Since the NRG receives a substantial descending projection from the caudal vestibular nuclei, Fagerson and Barmack (1995) examined the peripheral origins of the vestibularly-modulated activity in NRG neurons and found that more than 85% of them responded to vertical vestibular stimulation, indicating that NRG neurons are related to vertical head movements. Furthermore, there were a variety of RSNs in the NRPc and NRG that had horizontal, upward oblique, or downward oblique preferred directions of ipsilateral head movements (Isa and Naito 1995) . In our laboratory's previous studies, we demonstrated that the reciprocal inhibitory patterns of the SC saccade system and the vestibuloocular system were similar, implying that the SC saccade output system may use the semicircular canal coordinates, like the vestibuloocular system (Sugiuchi et al. 2013; Takahashi et al. 2007 Takahashi et al. , 2010 Takahashi et al. , 2011 . The present results strongly suggest that the SC head movement system may also use the semicircular canal coordinates.
Neural implementation of Listing's law in head movements.
Voluntary eye movements do not have torsional components and have only horizontal and vertical components. This is referred to as Listing's law (von Helmholtz 1867). For vertical upward eye movements, for example, it is most likely that TRNs in the medial parts of the two rostral SCs fire simultaneously to cancel torsional components of eye movements in opposite directions induced by the two SCs (Takahashi et al. 2007 ). This simultaneous activation of the bilateral medial SCs is caused by excitatory commissural connections between the symmetric parts of the rostral SCs, which are considered to be responsible for implementing Listing's law in saccadic eye movements (Takahashi et al. 2005a (Takahashi et al. , 2010 (Takahashi et al. , 2011 ).
Listing's law also applies to head movements (Straumann et al. 1991; Tweed and Vilis 1988) . Rostral TRNs projecting to the FFH have commissural excitation from the symmetric part of the contralateral SC (Takahashi et al. 2007 ). The tectal excitatory commissural connections in the head movement system are responsible for an increase of activity in single FFH neurons in not only contralateral, but also ipsilateral oblique upward head movements in the cat (Isa and Naito 1994) , since the contralateral projection of the SC to the FFH is extremely weak (Sugiuchi et al. 2013 ). The present result indicates that one group of RSNs in the NRG and NRPc receive convergent excitatory inputs from the rostral parts of the bilateral SCs (Fig.  11A ). To view it another way, TRNs in a particular part of the rostral SC send their outputs to RSNs in the symmetric parts of the NRG and NRPc on both sides, and the RSNs in turn project to motoneurons innervating identical neck muscles, either extensors on both sides or flexors on both sides (Fig. 11B) . These neural connections suggest that, when a cat executes oblique vertical head movements to the contralateral side, the rostral SC sends out command signals via bilateral RSNs to identical neck muscles on both sides. In addition, the same part of the SC may activate TRNs in the symmetric part of the opposite SC. Consequently, TRNs in the symmetric rostral parts of the bilateral SCs give rise to command signals and contract identical functional groups of neck muscles on both sides, so that oppositely-directed torsional components of head movements induced by individual SCs cancel out each other, and the SC may result in generating head movements that conform to Listing's law. Therefore, the present neural connections, including the tectal excitatory commissural connection, are considered to provide a neural basis for implementing Listing's law in head movements.
Targets of NRPc and NRG neurons with large caudal fastigial input. It is assumed that fastigioreticular axons arising from the caudal FN directly innervate burst neurons in the brain stem saccade generator, especially IBNs, on the contralateral side via the hook bundle (Fuchs et al. 1993; Noda 1991, 1995) , although the experimental evidence is still lacking. In the present study, we searched in the cat for neurons in the rostral NRG that received monosynaptic excitation from the contralateral FN. These neurons were not activated antidromically from the contralateral abducens nucleus, and instead most of them were activated antidromically from the ipsilateral cervical spinal cord. If the penetrated neurons had been IBNs, they should have been activated antidromically from the contralateral abducens nucleus (Hikosaka and Kawakami 1977; Sugiuchi et al. 2005; Yoshida et al. 1982) . If the connection between the caudal FN and contralat-eral IBNs exists, ipsilateral FN stimulation should evoke disynaptic IPSPs via contralateral IBNs in penetrated neurons, in addition to the monosynaptic EPSPs observed in the present study. However, IPSPs were not observed in the NRG neurons. Furthermore, the NRG neurons with large FN input had only excitatory inputs from the bilateral SCs, which also supports the finding that the examined neurons were not IBNs, since IBNs received excitation from the contralateral SC and inhibition from the ipsilateral SC (Sugiuchi et al. 2005; Takahashi et al. 2005b; Yoshida et al. 1982) . Therefore, the present study could not confirm that contralateral caudal FN neurons directly terminate on IBNs. Unlike a widely accepted assumption in the field, it remains to be demonstrated whether IBNs receive direct excitation from the contralateral FN. Since IBNs and EBNs are smaller than large RSNs, it might be more difficult to make stable intracellular recordings from these neurons. Further experiments might be needed to reliably conclude that this direct connection exists by recording intracellular potentials from electrophysiologically-identified IBNs and examining the nature of synaptic inputs evoked by stimulation of the caudal FNs, since the existence or absence of this pathway is essential for understanding the neural mechanism of the caudal FN in the cerebellar control of saccadic eye movements.
